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Summary 
The protection of human health and welfare requires 
dose-response information on vegetation and 
materials if thresholds of effects are lower than those 
applying to human health. Research on effects of 
SOz on vegetation and materials is at the point 
where data are being examined for thresholds to 
avoid economic damage and dose-response relations 
to assist cost-benefit analysis of emissions controls. 
Considerably less information is available on NOx 
and most particulates, than on SOz. 
There has been a shift in recent years away from 
studies of single short-term exposures which are con-
sidered to have less relevance for effects on 
vegetation and materials, towards long-term ex-
posures, even though these are inherently more 
expensive, and technically more difficult. Studies of 
effects on plants have shown considerable variability 
in response between different exposure regimes and 
environmental conditions. Consequently there has 
also been a change in emphasis in dose-response 
studies, away from laboratory studies, and the 
mechanistic approach of the 1960s and early 1970s 
towards field studies under realistic exposure 
regimes. The criterion for response has changed 
from visible injury to response parameters which re-
late to the value of the plant, particularly growth, 
yield and quality of field and forestry crops. These 
changes have been the result of strong financial sup-
port in the United States and Europe to develop 
dose-response relations to assist cost-benefit ana).ysis 
of emission control options. In recent years. the 
major research programs of the USEPA and EEC 
have almost invariably supported the empirical ap-
proach, using field techniques (especially open-top 
chambers) to assess effects of air pollutants or crop 
yield. 
Recent research has focused on interactions be-
tween mixtures of air pollutants. Considerable 
emphasis has been given to the energy-based pol-
lutants SOz and NOz which are usually present 
together and induce synergistic responses in plants, 
and interactions between air pollutants and other 
stresses such as pests, diseases, heat and cold. 
Some quantitative relationships have been estab-
lished for the effects of SOz and NOx on a limited 
range of materials, but generally the dose-response 
database for the effects of SOz, NOx and particulates 
on materials is inadequate and insufficient to com-
plete a cost-benefit analysis of air pollution control 
options in Australia. 
There is some information on thresholds for 
dose-response relations of SOz, but almost no infor-
mation for NOx or particulates or their interactions 
for any of the important crops varieties and in-
digenous plants of Australia. Just as information on 
thresholds for plants grown in North America and 
Northern Europe is extrapolated to the crops and 
native plants of Australia, so the political, social and 
economic criteria of these countries, which underlie 
the selection of particular ambient air quality stand-
ards by, for example, the USEPA and WHO, are 
transferred to Australia as NHMRC and state am-
bient air quality guidelines. A scientific analysis 
suggests that many of the guidelines for SOz, NOx 
and particulates do not provide full protection under 
all circumstances. The process of selecting ap-
propriate ambient air quality standards for Australia 
should take into account scientific analysis, at-
tenuated by the political, social and economic 
climate of Australia. The aim is to produce ambient 
air quality standards which provide an adequate 
measure of protection for human health and welfare 
from significant effects of air pollution. 
Introduction 
The protection of human health and welfare are the 
objectives of the air pollution control system. Infor-
mation on the effects of air pollutants on human 
health, plants and materials is used in the air pollu-
tion control system as the basis for setting standards. 
reviewing project permits, or conducting cost-benefit 
analyses of emission control options. Primary am-
bient air quality standards have been established to 
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protect human health and these are discussed in the 
paper by Bentley, Miles and Ferrari, in this volume. 
Most plant species are more sensitive than 
humans to the effects of many major air pollutants, 
in particular sulphur dioxide, fluoride and ozone. 
The effects may be obvious as visible injury to leaves 
or fruit, or may be subtle and result in decreased 
growth, yield and quality of crops, without other ef-
fects. 
Damage to materials is also very common, par-
ticularly deterioration of rubber due to oxidants such 
as ozone, corrosion of metals and stone structures by 
acid substances such as sulphur dioxide, nitrogen 
dioxide and acid particulates and the discoloration 
of fabrics and surfaces by nitrogen oxides, ozone and 
particulates. 
If plants or materials are damaged at concentra-
tions or averaging times significantly lower than 
those required to protect human health, secondary 
ambient air quality standards may be established. 
The basis for the establishment of secondary am-
bient air quality standards is the determination of 
threshold concentrations for unacceptable adverse 
effects such as injury or yield losses in plants. As 
materials lack a regenerative capacity and damage is 
cumulative, there are no true threshold effects for 
materials and the basis for standards is unacceptable 
deterioration or loss. The assessment of emission 
control options especially those requiring major 
government decisions ( eg new vehicle emission con-
trols, or desulphurisation of power plant coal or 
emissions) should involve cost-benefit analysis re-
quiring dose-response relationships. The response of 
plants, especially agricultural and forestry crops, to 
variable doses (dose is usually considered as the 
product of average ambient pollutant concentration 
and duration of exposure) forms the basis of evalua-
tions of economic loss or gain as a consequence of 
various air pollution scenarios. 
Short-term effects 
Initially the work on thresholds of air pollutants con-
centrated on short-term effects, as experimentally 
this was convenient. Studies on plants focused on 
visible injury to leaves as the expression of response. 
The current US Federal S02 standard for the 
protection of vegetation is 500 parts per billion 
(ppb) of S02 for three hours, not to be exceeded 
more than once per year. It is a good example of the 
use of this type of information in air quality 
regulatory processes. The original standard, promul-
gated in 1970 was set on the basis of a single study 
reporting visible injury on leaves of a species of 
Fraxinus of 540 ppb of S02 for 3 hours according to 
the USEPA (Bennett 1985). Thresholds for visible 
leaf injury from short exposures are reasonably well 
established. In sensitive species 5 per cent leaf injury 
can be expected from one hour exposure to S02 
alone in the range 700-1000 ppb, or from three hours 
in the range 340-380 ppb (JERE 1981). 
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More recently it has been accepted that leaf in-
jury is less important than yield for most crops, and 
the two are often independent. Long-term exposures 
can reduce yield of some crops without visible injury 
and short-term exposures which cause leaf injury 
may have no effect on yield (Unsworth and Ormrod. 
1982). In recognition of these factors, USEPA is 
changing the criteria used to set the secondary air 
quality standard (the concentration and averaging 
time below which no unacceptable adverse effects on 
plants will occur). Increased emphasis is being given 
to field studies of effects on growth and yield for 
plants of economic or ecological value at low con-
centrations over long exposure durations (Bennett 
1985). The characteristics of S02 and NOx frequency 
distribution patterns in Australia are that long-term 
averages are usually low in concentration (Coulter, 
this volume) but short-term peaks can be high, ex-
ceeding many international standards; plants or 
materials may be exposed to many of these peaks 
during their lifetime. 
The characteristics of the responses of materials 
to air pollutants, in particular cumulative damage 
and the direct proportionality between pollutant 
dose and amount of deterioration, lead to the con-
clusion that a single short-term exposure is less 
useful to the understanding of dose-response 
relationships in the field than a long-term exposure 
composed of a typical frequency distribution pattern 
in Australia. 
Sulphur dioxide 
Sulphur dioxide is one of the most toxic air pol-
lutants to vegetation. It was estimated to cause crop 
losses within the European members of the Or-
ganisation for Economic Cooperation and 
Development of $US424 million per year by 1985 
(OECD 1981). US Environmental Protection Agen-
cy studies have estimated that annual crop losses in 
the USA are valued at about $US2000 million with 
sulphur dioxide the major contributor after ozone 
(Adams et al. 1985). Sulphur dioxide was also the 
pollutant responsible for the devastation of 
thousands of hectares of forests around smelting 
operations in the USA and Canada early this cen-
tury. 
Sulphur dioxide enters plants through the leaves 
and causes changes in biochemistry and physiology 
which can reduce yields and growth in crops and na-
tive plants in the absence of visible injury. The 
farmer or grower is usually not aware that sulphur 
dioxide is causing a crop loss and attributes any per-
ceived reduction in yield or quality to other factors 
such as climate. At higher concentrations leaf injury 
often occurs, and in severe cases plant death may 
result from extreme exposures. 
All plants are not equally sensitive to sulphur 
dioxide. The most sensitive are lichens, mosses, 
lucerne clover, some vegetables and some eucalypts. 
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Figure 3. The effect of humidity, S 02 concentration, soil water and light on stomatal opening (adapted from Tib-
bitts and Kobriger 1983 ). 
University funded by NERDDC, the Queensland 
Electricity Commission, the Electricity Commission 
of NSW and the W A Environmental Protection 
Authority have shown that certain Eucalyptus species 
are injured within weeks of continuous exposure to 
45 ppb of sulphur dioxide. Other plant species, par-
ticularly those tolerant of drought and salt are 
usually more than three times more resistant to sul-
phur dioxide exposure than sensitive species. This 
has important implications for air quality manage-
ment around sources of S02 in remote arid areas. 
The early attempts to mathematically derive dose-
response models related short-term doses (of the 
order of a few hours) to visible injury. These have 
been discussed by Guderian (1977). However, vir-
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Figure 4. Linear regression of S 02 concentration and 
percentage yield reduction of Lolium perenne 
(ryegrass) exposed for more than 20 days at less than 
200 ppb in chambers with more than one air change 
per minute; 33 data points were included. The regres-
sion equation was: percentage yield loss = + 7.33 -
0.21 S02ppb (p < 0.001). The dotted lines show the 
95 per cent confidence limits of the regression. From 
Roberts (1984). 
thresholds due to the characteristics of the exposure 
systems. The importance of windspeed as an impor-
tant determinant in the rate of S02 uptake was not 
fully appreciated (Ashenden and Mansfield 1977). 
In addition, the mathematical models assumed 
that S02 concentration and exposure time are 
directly proportional, but more recent studies have 
shown that foliar injury increases progressively with 
concentration under exposure to the same S02 dose 
(Guderian 1977). Effective dose (the product of the 
amount of pollutant absorbed and duration of ex-
posure) was found to !Je more useful than exposure 
dose. (the product of exposure concentration and 
duration of exposure). The amount of pollutant ab-
sorbed depends to a large extent on the 
environmental factors (such as light, temperature, 
humidity, soil water status and the presence of other 
air pollutants) as these control stomatal aperture, 
the major port of pollutant entry into the plant. A 
conceptual model of this process is illustrated in 
Figure 3. For these reasons, the simple dose-
response models are not useful for predicting 
responses in the field. 
More recent studies have compiled information 
from field chamber experiments using long-term ex-
posures to low concentrations of S02 of the most 
frequently studied plants. 
Most of the available data relates to grasses, due 
to the importance of grazing activities in Britain (73 
per cent of mainland vegetation consists of 
grasslands) and other industrialised areas of Europe. 
Roberts (1984) compiled all available data up to 
1983 to produce a series of simple linear regressions 
which describe the dose-response function for 
ryegrass (Figure 4) and a range of cereals grasses 
and horticultural crops (Figure 5). A clearer resolu-
tion of the range of S02 concentrations which 
induce effects in the field under a range of condi-
tions is necessary (Roberts 1984). 
Other functional forms of the dose-response 
relationship include relating yield loss to the 
logarithm of S02 concentration as this form is valid 
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Figure 5: Linear regression of S 02 concentration and 
percentage yield reduction for all exposures in cham-
bers for more than 20 days and less than 50 ppb; 35 
data points were included from 9 species. The regres-
sion equation was: yield loss (per cent) = + 640 -
0.31 S02ppb (p =0.05). The dotted lines show the 95 
per cent confidence limits for the regression. From 
Roberts (1984). 
intensity in some crops. However, the improvement 
in accounting for data variability was only marginal 
(Roberts 1984). The OECD cost-benefit study of 
emission control used a logit transformation of the 
dose-response curve (OECD 1981) but at concentra-
tions above 50 ppb the predicted yield loss was 
substantially larger than found experimentally. 
Other studies have used logarithmic transforma-
tions of yield data and normalised for duration of 
exposure (Bell 1982). However, regressions of 
various data sets corrected for the duration of ex-
posures to using transformations of yield data, gave 
no improvements in correlations (Roberts 1984). 
This supports the previous results of Guderian 
(1977) as well as a number of studies of long-term 
effects of S02 in the field which show that S02 con-
centration has a far more important effect on yield 
than duration of exposure (Garsed 1984). S02 dose 
is a less useful predictor of injury or yield loss than 
S02 concentration due to compensatory acclimation 
mechanisms which develop to overcome chronic 
toxicity in the field. 
One of the features of all the linear regressions 
(Figures 4,5 and 6) is the extrapolation to zero S02 
concentrations predicting increases in yield at very 
low S02 concentrations. Sulphur is an essential ele-
ment in plants and is necessary for protein synthesis. 
Field crops may require between 10-40 kg!ha/yr of 
available sulphur (Noggle 1980). Hence sulphur 
deficiency occurs in many crops, particularly high 
yielding crops, or where the soils are naturally low in 
available sulphur (Roberts et al. 1983). However, 
plants have been shown to be capable of taking up 
sulphur dioxide from the atmosphere and metabo-





















Figure 6. Linear regression of S02 concentration and 
percentage yield reduction for all chamber exposures of 
Lolium perenne (ryegrass) for more than 20 days and 
less than 200 ppb; 45 data points were included. The 
regression equation was: yield loss ( per cent) = 
+2.75- 0.18 S02 (ppb) (p < 0.001). The dotted lines 
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Figure 7. Relationship between length of exposure to 40 
ppb S02 + 40 ppb N02 and per cent inhibition of 
growth in Poa pratensis. From Whitmore and 
Mansfield (1983). 
Low concentrations of sulphur dioxide in the air can 
support plant growth and prevent sulphur deficiency 
symptoms from occurring (Thomas et al. 1943, Faller 
1970, 1971, Cowling et al. 1973, Cowling and Lock-
yer 1976, Lockyer and Cowling 1981, Milchunas et 
al. 1981, Murray 1985a). The amount is estimated to 
be up to 10 ppb (JERE 1981). 
Consequently, sulphur deficiency in plants is un-
common in industrialised areas of the world 
(Cowling and Koziol1982). At the whole plant level, 
the improvement in sulphur supply may increase 
growth and productivity, and at an ecosystem level 
the biomass, bioenergetics, nutrients cycling and 
diversity may be increased. 
In Australia increased tree growth in forests 
around a New South Wales coal-fired power station 
has been reported (Lambert et al. 1979). 
A possible form of the growth response curve at 
very low SOz concentrations is illustrated by Figure 
7, which shows the effect on growth of increasing 
duration of exposure at low SOz + NOz concentra-
tions. However, the determination of the lower 
regions of the dose-response curve is hampered by 
the absence of yield data in response to very low 
(less than 20 ppb) SOz concentrations. 
These data suggest that a threshold concentration 
needs to be incorporated into growth response 
models for SOz. The data presented in Figures 4 and 
5 suggest that this threshold could be as high as 15-
20 ppb. 
The database on the effects of SOz on plants is 
substantial and rapidly improving for the crops, na-
tive plants and climates of North America, Northern 
Europe and Japan. Very few studies have been con-
ducted on the native plants and crop varieties grown 
in Australia, or under the climatic conditions that 
much of Australia experiences. For example, there 
are more studies published from the USA on the ef-
fects of SOz on Eucalyptus species than from 
Australia. 
A wide range of materials is damaged by ex-
posure to SOz and its derivations, sulphate particles 
and sulphuric acid aerosols. Principal among these 
are corrosion and deterioration of metal, stone, con-
crete, paint and fabric surfaces and electronic 
components. Particular concern has been expressed 
about the deterioration of historic monuments and 
structures in Europe and Asia as a result of the cor-
rosive effects of SOz and NOx and their derivatives. 
In addition to direct effects involving increased 
costs as a result of corrosion, deterioration, shor-
tened lifetime and premature waste, there are 
secondary effects which increase costs due to addi-
tional protection against corrosion and the cost of 
cleaning. 
The quantification of costs is not very accurate, 
but the estimates of the West German Federal 
Agency for the Environment for the year 1980 are 
• damage to utility buildings - US$500m; 
• corrosion damage - US$700m; and 
• additional cleaning costs - US$300m. 
These estimates ignore damage to monuments 
and other objects of cultural significance, and addi-
tional costs of corrosion protection (Schubert et al. 
1986). Other estimates are up to ten times this total. 
A considerable amount of research has been con-
ducted to quantify the rates of corrosion of metals in 
response to SOz exposure. The corrosion rate is en-
hanced by increasing humidity in approximate ratios 
for corrosion rates of 1 for a dry rural environment 
to 100 for a moist industrial environment. The S02 
acts by being absorbed on to the surface of a 
material, then oxidised to S03. This reacts with at-
mospheric or surface water to form sulphuric acid. 
Sulphuric acid is particularly damaging because most 
metal salts are water soluble and may hydrolyse to 
form metal hydrates and regenerate the acid (Martin 
1979). Once started, the reaction continues in the 
presence of air and water. 
Zinc galvanised steel roofs are considered to be 
the metal product most sensitive to SOz damage. In 
the UK, farmers receive compensation for losses due 
to early replacement of their galvanised steel roofs. 
The amount of compensation is calculated according 
to the concentration of SOz in air (Pearce 1985). 
However, in Australia the costs do not appear to be 
very high. Using the data of Martin (1979) based on 
1974-75 figures, the cost of damage due to early re-
placement of zinc galvanised steel roofs in 
Melbourne attributable to SOz was $330 000 per 
annum. 
Corrosion of concrete occurs through the dissolu-
tion and neutralisation of calcium carbonate by acid 
solutions consisting predominantly of derivatives of 
SOz and NOx. Solutions at pH 4 have been shown to 
induce these reactions to occur 75 times faster than 
solutions at pH 5.6. 
Derivatives of SOz are believed to cause cor-
rosion of many stone materials used in buildings and 
monuments if the stone has a porous structure. 
Erosion occurs due to the formation of calcium or 
magnesium sulphate. These salts crystallise in the 
pores beneath the surface. Cycles of crystallisation 
cause localised swelling and physical disruption of 
the stone surface, eroding the stone. The process is 
accelerated by factors which increase the frequency 
of crystallisation cycles, including precipitation 
characteristics, freeze/thaw cycles, evaporation rate 
and stone pore size. Another process of stone 
erosion is the leaching of calcium carbonates from 
porous calcareous stones by acidic precipitation. 
Nitrogen oxides 
Although nitrogen oxides can be very damaging to 
materials, plants are generally more resistant to NOx 
than SOz. Plant injury does not occur at normal am-
bient concentrations of NOx alone. Short-term 
exposures under controlled environment conditions 
suggest that the threshold of visible injury for NOz is 
about 1000 ppb for exposures of less than one day 
(Bennett et al. 1975). Growth inhibition may occur 
when some plant species are exposed to between 160 
and 250 ppb NOz for 10 days (Taylor and Eaton 
1966, Spierings 1971). It is considered that although 
NO and N02 may differ in toxicity because they dif-
fer in rate of uptake, their mechanisms of action are 
quite similar (Mansfield and Freer-Smith 1981). The 
discussion of factors influencing the response of 
plants to SOz also applies to NOx. 
S02 and NOx mixtures 
Studies of the leaf injury which occurs after short ex-
posures to SOz and NOx have shown that at 
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concentrations around the visible injury threshold 
for S02 alone, and well below the visible injury 
threshold for NOx, mixtures of S02 and NOx often 
induce extensive foliar injury. For example, Tingey et 
al. (1971) found 11-35 per cent foliar injury on six 
crops exposed to 50 to 250 ppb of SOz and N02 for 
four hours yet the threshold for visible injury was 
500 ppb for S02 alone, and 2000 ppb for N02 alone. 
In contrast, at higher concentrations at which SQz 
alone causes a considerable amount of injury, the 
combination of SOz and N02 can cause less than ad-
ditive levels of injury (Amundson and Weinstein 
1981), possibly as a result of stomatal closure. 
However, these concentrations are unlikely to occur 
in the field. 
It is only recently that studies of long-term ex-
posure to low levels of S02 and N02 have been 
conducted. These studies show that effects on 
growth can occur at much lower ambient concentra-
tions than those which result in visible injury. 
Exposure of four grass species to 68 ppb S02 and 68 
ppb N02 over winter reduced growth in all species 
by up to 48 per cent (Ashenden 1979, Ashenden and 
Williams 1980). Similarly, grasses exposed to 62 ppb 
SOz and 62 ppb N02 for six months had much more 
severe growth reductions than plants exposed to the 
single gases (Whitmore and Mansfield 1983). When 
soybeans were intermittently exposed to variable 
concentrations of S02 and NQz, up to 170 ppb S02 
and 130 ppb NOz, yields were reduced by up to 18 
per cent. When barley and ryegrass were exposed to 
SOz and N02 for eight months in a fluctuating pat-
tern which simulates daily fluctuations in the UK, a 











Figure 8. Relationship between concentration of SOz 
and NOz mixtures, duration of exposure and per cent 
inhibition in dry weight of Poa pratensis in experiment 
one. Asterisks denote the effects of similar doses com-
posed of different concentrations and lengths of ex-
posure. From "Whitmore (1985b ). 
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but > 45 ppb S02 and N02 caused reductions in 
yield (Roberts et al. 1983). 
Dose-response relationships between growth of 
grasses, concentrations of S02 and N02 mixtures 
and duration of exposure have been described 
(Figure 8). Growth decreased with both length of ex-
posure and concentration of SOz and NOz. 
Exposure to only 40 ppb of S02 and N02, con-
centrations which occur over large areas of rural 
land in Western Europe and North America, 
reduced growth by 38-40 per cent (Whitmore 
1985b). 
The effects of nitrogen oxides are the consequen-
ces of their acidic and oxidative properties. Aspects 
of the acidic effects of nitrogen oxides and their 
derivatives are as previously discussed in relation to 
sulphur dioxide. The oxidative effects include the 
fading of colours, in particular some blue dyes and 
the yellowing of white fabrics. Nitrogen oxides are 
usually present in air with other oxidants, particular-
ly ozone, peroxyacetyl nitrate and other organic 
compounds. There is evidence that nitrogen oxides 
can contribute to the strong oxidation reactions of 
these compounds resulting in the deterioration of 
rubber, metals, textiles and some plastics. 
The oxidising effects of nitrogen dioxide are 
based on the release of radical reactions, encourag-
ing the formation of unsaturated hydrocarbons. 
causing breakup or cross-splitting of polymer chains 
(Schubert et al. 1986). Ultraviolet radiation or heat 
provides the activating energy. Highly polymeric 
materials such as polypropylene are particularly sen-
sitive to NOx, resulting in adverse changes to their 
mechanical and optical properties. 
Particulates 
In general, air quality criteria for particulates should 
be based on effects on human health and aesthetics, 
rather than effects on vegetation or materials. In 
contrast to the gaseous pollutants for which the prin-
cipal means of entry into plants is through the 
stomata, most particles settle on the outside surfaces 
of leaves. Only very small particles normally enter 
stomata. If the particles are chemically inert, their 
presence may reduce the quality and quantity of 
light reaching the leaf cells. Inert particles have also 
been shown to physically block stomatal pores. 
reducing the capacity of the plant to regulate water 
loss and gaseous exchange. 
Chemically active particles can have destructive 
effects on the leaf surface, particularly when moist. 
The leaf cuticle can be penetrated and toxic substan-
ces can enter the plant. Particulates can also 
adversely affect the appearance of crops so that 
crops such as leafy vegetables are unmarketable. 
Fly ash from coal-fired power stations represents 
one of the more important particulate emissions 
from the energy industry in Australia. Fly ash is of 
variable toxicity, depending on the characteristics of 
the coal and combustion processes. A number of 
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trace elements are volatilised during the combustion 
process and condense on the surface of fly ash par-
ticles as ambient temperatures decrease (Davison et 
al. 1974: Quann et al. 1982). Decreasing particle size 
is associated with increasing concentrations of 
volatile trace elements, and small particles ( < 1 !Lm 
in diameter) tend to escape pollution control 
devices, dispersing into the surrounding environment 
(Adriano et al 1980, Evans et al. 1980). The ele-
ments. As, Bi, Cd, Cl, F, Hg, P, Pb, S, Se, T1 and Zn 
are less effectively retained by electrostatic 
precipitators than many other elements, according to 
mass balance calculations (Heinrichs 1982). 
It is possible for trace elements absorbed on the 
surface of fly ash particles to be deposited on 
vegetation surfaces such as leaves and to enter plants 
by crossing the cuticle. Accumulation of Sr, Va, U 
and Se has been found in plants around a power sta-
tion in Wyoming (Connor et al. 1976); Cd, Fe, Ni 
and Zn in plants up to 10 km from a power station 
in Michigan (Klein and Russell 1973); and Be, Co, 
Mo and V in plants up to 3 km from a power station 
in South Carolina (Evans et al. 1980). In the Hunter 
Valley of New South Wales, concentrations of Ca, 
Cl, F, Mg, Mn, P, Sand Zn were measured in leaves 
of Eucalyptus crebra and E. moluccana growing 
around a coal-fired power station. The results 
showed that concentrations of F, Mn and Zn in E. 
moluccana were negatively correlated with distance 
from the power station, but no symptoms of air pol-
lutant-induced injury were found (Murray 1984a). 
The 1969 Senate Report into air pollution in 
Australia estimated that 20 per cent of gross annual 
i'lcome was lost by NSW citrus growers ($5m in 
1969) due to road dust. Most crop damage as-
sociated with industrial and mining sources of dust is 
attributed to cement works, mine haul roads and 
stockpiles of materials such as overburden. 
The database on the effects of relatively inert 
particles on plants is adequate and seems unlikely to 
improve in the near future. In contrast, the database 
on the effects of toxic particulates is variable but 
generally very poor, although improving in some 
areas of concern. Very little work on the effects of 
particulate air pollutants on plants has been com-
pleted in Australia. 
Vegetation may also provide a route for toxic ef-
fects of air pollutants on grazing animals. due to the 
capacity of vegetation to accumulate some air pol-
lutants and the high rate of consumption of forage 
by grazing animals. These are the animals of greatest 
economic and ecological importance in Australia. 
The main route of entry for particulates to these 
animals is by ingestion of forage contaminated by 
particulates. Worldwide, the particulate pollutant 
which has had the most important economic effects 
on animals is fluoride, mostly originating from major 
electricity consuming or producing industries such as 
aluminium smelters and coal-fired power plants 
(Weinstein 1977). Standards have been developed to 
protect the most sensitive livestock (dairy cattle) 
from the consequences of fluoride contaminated 
pastures. 
The air quality standard proposed by Suttie 
(1969) and subsequently endorsed by the National 
Academy of Science to protect cattle from economic 
damage stipulates that none of the following should 
be breached. 
1. After sampling forage on a monthly basis the 
yearly average fluoride concentration should 
not be in excess of 40 !Lg F g-1 dry weight; 
2. A fluoride concentration of 60 !Lg F g-1 in the 
forage should not be exceeded for more than 
two consecutive months; or 
3. A fluoride concentration of 80 f.Lg F g-1 in the 
forage should not be exceeded for more than 
one month. 
This standard has been used in many parts of the 
world, and as a guideline by pdllution control 
authorities in Australia. The effectiveness of this 
standard to provide an adequate level of protection 
of cattle from economic injury has been questioned 
(Krook and Maylin 1979, Maylin and Krook 1982, 
Eckerlin et al. 1986). However, this standard ap-
pears to provide an adequate degree of protection 
under most Australian conditions. although some 
unexplained anomalies exist whereby animals ap-
parently ingesting less than the recommended 
guidelines have developed fluorotic symptoms. 
Inert particles from coal mining and other opera-
tions can contaminate pastures resulting in poor 
appetite and enhanced tooth abrasion in grazing 
animals. 
Lead particles are usually only a problem for 
animals in localised areas of intense pollution, such 
as around lead smelters and in the immediate 
vicinity of roads with heavy traffic. About one-third 
of inhaled lead is deposited in the lungs and a 
smaller proportion of ingested lead is absorbed. 
Lead is accumulated in animal bones and is only 
slowly increased or decreased. Soft tissues quickly 
absorb and desorb ingested lead. 
Environmental cycling of lead occurs so that lead 
introduced into almost any individual environmental 
component can be transferred by environmental 
processes to air, soils, surface waters, flora (includ-
ing crops), fauna (including livestock) and to 
humans. 
The effects of other ingested particles depends· 
on the chemical characteristic of the particle, the 
amount and periodicity of deposition, weather 
characteristics (as most particles can be removed 
from leaf surfaces by rainfall or high winds) and 
grazing patterns. No general rules apply to most par-
ticulates. 
The effects of particulates on materials depends 
on their chemical characteristics. Acid particulates 
or inert particulates in combination with acid gases 
and humid conditions cause the deterioration and 
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corrosion described earlier in relation to SOz and 
derivatives. Alkaline particulates may also have cor-
rosive effects on metals and painted surfaces, 
especially under humid conditions. 
Carbon particulates may be emitted from many 
boilers at start up and on other occasions due to in-
efficient combustion. The principal effect of these 
particulates is soiling of materials. Overburden and 
other inert dusts are lifted off surfaces under windy 
conditions and effects normally consist of soiling and 
aesthetic impacts. However, many particles may act 
to increase the rate at which gases such as SOz or 
NOz absorb on surfaces. In addition hygroscopic 
particles tend to increase the period of wetness and 
hence increase the rate of corrosion. 
The cost of damage caused by soiling of materials 
and surfaces is considered to be the major cost of all 
deterioration processes as a result of air pollution 
(Martin 1979). The cleaning of glass, concrete, build-
ing stone, windows, window frames, painted 
surfaces, textiles and electrical equipment is a major 
cost which cannot be easily quantified in Australia 
due to inadequate dose-response relationships. 
Standards 
In order to provide some measure of protection 
from serious but not all adverse effects, ambient 
standards have been established in many parts of the 
world, particularly in the United States. In Australia, 
Victoria is the only state with a statutory basis for 
regulating ambient levels of air pollutants. In other 
states there are no standards for air pollutants in 
ambient air, but guidelines have been selected for in-
formal use in some states. 
While standards are regulatory control levels 
which usually require enforcement action if ex-
ceeded, guidelines are generally non-statutory and 
are associated with a more flexible approach to en-
vironmental management. Guidelines established by 
the NHMRC, WHO and standards of the USEPA 
for SOz, NOx and particulates are given in Tables 4, 
5 and 6. It can be seen from this information that the 
guidelines selected by Australian authorities are 
generally consistent with guidelines, standards and 
objectives from other health and pollution control 
agencies around the world. 
Table 4 lists the ambient SOz standards estab-
lished in various parts of the world. Most current 
ambient standards for sulphur dioxide do not 
provide full protection against plant injury. The 
lowest known effects on vegetation occur at an an-
nual average concentration of about 15 ppb. Many 
crops and tree.s of importance in Australia are 
damaged after exposure for three weeks to average 
ambient concentrations of 38 ppb (Murray 1984b,c, 
1985a,b). 
Short-term standards have little realistic applica-
tion in relation to the effects of air pollutants on 
plants or materials. Once-only exposures of plants 
and materials for very short averaging times are ex-
TABLE 4. Ambient SOz standards and guidelines 
Western Australia (Air Pollution Control Council. 
undated) 
24 hour average 
Annual average 
Guidelines 
75 ppb not to be exceeded by 
98 per cent of values in any 
12 month period 
23 ppb not to be exceeded. 
Victoria (Victorian Government 1981) 
1 hour average 
24 hour average 
1 hour average 
24 hour average 
1 hour average 
24 hour average 
Acceptable level. 
170 ppb to be exceeded on 
no more than 30 days per year. 
60 ppb to be exceeded on 
no more than 3 days per year. 
Detrimental level 
340 ppb not to be exceeded 




United States (USEP A 1977) 
Annual average 
24 hour average 
3 hour average 
Primary standard 
(to protect human health) 
30ppb 
140 ppb not to be exceeded 
more than once per year 
Secondary standard 
(to protect human welfare) 
500 ppb not to be exceeded 
more than once per year. 
World Health Organization (WHO 1979) 
Annual average 
24 hour average 
Air quality goal 
15-23 ppb 
38-56 ppb 
National Health and Medical Research Council 
(NHMRC 1982) 
Annual average 
Air quality goal 
23 ppb 
Note: Some have been converted from f.Lg/m3 to parts per bil-
lion for comparison 
tremely rare and virtually only occur as a result of 
accidental release. 
Occasional, intermittent patterns of exposures are 
more common for large sources of SOz, NOx and 
particulates in Australia. Hence standards which re-
late to typical patterns of expos~re of plants or 
materials are more useful. Standards which take into 
account frequency distributions may be more valu-
able than 'never to be exceeded' averages. 
Comparative studies have shown that plants have 
very similar responses to a constant concentration 
exposure as to continuously variable exposures with 
the same mean concentration and duration (Roberts 
TABLE 5. Nitrogen oxide standards and guidelines 
Victoria (Victorian government 1981) 
1 hour average 
24 hours average 
1 hour average 
24 hour average 
1 hour average 
8 hour average 
Acceptable level 
150 ppb not to be exceed on 
more than 3 days per year. 
60 ppb not to be exceeded on 
more than 3 days per year. 
Detrimental level 
250 ppb not to be exceeded. 




United States (USEP A 1977) 
Primary standard 
(to protect human health) 
1 hour average 170 ppb 
Annual arithmetic mean 52 ppb 
World Health Organization (WHO 1977) 
Air quality goal 
1 hour average 100-170 ppb 
National Health and Medical Research Council 
(NHMRC 1982) 
1 hour average 
Air quality goal 
170 ppb 
1984). However, it is not known whether this also 
applies to the infrequent intermittent peak with low 
background concentrations often found in Australia. 
The standards for nitrogen oxides (Table 5) show 
a variable capacity ·to protect plants and materials. 
Depending on the pattern of frequency distribution, 
the short-term standards have very little application 
to the protection for these aspects of human welfare. 
However, the longer-term standards of the USEPA 
and hence the NHMRC provide a large measure of 
protection of plants from adverse impacts of NOx 
alone; but, when S02 is also present at similar. con-
centrations, on the dose-response information 
available, major reductions in yield and quality of 
pasture grasses and crops would occur at concentra-
tions below the existing standards. 
As a result of the diverse nature and chemical 
characteristics of airborne particulates there are sig-
nificant difficulties with objectives for the process of 
establishing standards, hence enormous problems 
with the definition and assessment of ambient air 
quality standards. In general, the ambient air quality 
standards for particulates reflect the primary con-
sideration for human health, except the Victorian 
acceptable level which protects both human health 
and is designed to take into account aesthetic con-
siderations (Table 6). Standards for toxic 
particulates are included in recommendations and 
regulations for individual chemical compounds by 
TABLE 6. Particulate standards and guidelines 
Western Australia (Air Pollution Control Council. 
undated) 
Guidelines 
Annual geometric mean 90 J..Lg/m3 
Victoria (Victorian Government 1981) 
Acceptable level for 
visibility-reducing particulates 
1 hour average 90 km 
United States (USEP A 1984) 
Primary standard 
Annual geometric mean 75 mg!m3 
24 hour maximum 260 J..Lg/m3not to be exceeded 
more than one per year 
· SecondaiJ standard 
Annual geometric mean 60 J..Lg/m 
24 hour maximum 150 J..Lg/m3 not to be exceeded 
more than one per year 
World Health Organization (WHO 1979) 
Air quality goal 
Annual arithmetic mean 40-60 J..Lg/m3 
24 hour mean 100-150 J..Lg/m3 
National Health and Medical Research Council 
(NHMRC 1982) 
Air quali~ goal 
Annual geometric mean 90 J..Lg/m 
24 hour maximum 260 J..Lg/m3 
each regulatory agency and are beyond the con-
sideration of this review. Some standards give 
consideration to the effects of exposure to combina-
tions of S02 and particulates. The standards listed in 
Table 6 would appear to provide a very large 
measure of protection for vegetation and materials 
from inert particles alone. However, in the presence 
of other pollutants, especially acid gases, and if there 
is a large proportion of acidic particulates such as 
sulphates and nitrates, these standards may not 
provide full protection. 
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CHAPTER 19 
RESEARCH NEEDS FOR THE DEVELOPMENT OF 
AMBIENT AIR QUALITY CRITERIA TO PROTECT 
HUMAN HEALTH, VEGETATION AND MATERIALS IN 
AUSTRALIA 
F Murray, School of Biological and Environmental Sciences 
Murdoch University 
G Miles, CRES, ANU 
K Bentley,Secretariat, Air Quality Committee, NHMRC 
Introduction 
A consideration of research needs for the develop-
ment of ambient air criteria for energy-based 
pollutants assumes a requirement for ambient air 
quality criteria. These may be defined as the ob-
served effects or responses of one or more air 
pollutants on a specified receptor under any given 
conditions. 
Air quality criteria may be used solely as 
reference materials, but they are usually combined 
with political, social and economic considerations as 
the basis for the establishment of standards or 
guidelines. The development of standards or 
guidelines is normally considered the ultimate aim of 
a program devoted to the development of ambient 
air quality criteria. If energy-based industries met 
appropriate emission rates and emissions were 
released under adequate atmospheric dispersion 
conditions from stacks which met good engineering 
standards, would it be necessary to have ambient air 
quality standards or guidelines for energy-based pol-
lutants? 
The answer under idealised and fully controlled 
conditions is probably no, if adequate dispersion 
were achieved. However, not all of these necessary 
conditions are always met. There is little control 
over the stochastic processes and resultant atmos-
pheric conditions which can bring plumes to ground 
producing fumigation conditions. In practice, not all 
emissions can be dispersed from a tall stack and if 
there is little control over land use in adjacent areas, 
conflicts may arise. Situations may occur, even in the 
most effectively operated facilities, which result in 
the allowable emission rates being exceeded oc-
casionally. Finally, there is a social dimension. The 
public needs to feel confident that their health, wei-
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fare and the natural environment are being ade-
quately protected by standards which relate as 
closely as possible to direct body interactions (the 
air inhaled, food and beverages ingested, etc). 
Hence, in addition to emissions standards, it is im-
portant that ambient air quality standards or 
guidelines are selected in a way that: 
• provides an adequate measure of protection 
for human health; 
• where human health is less sensitive than 
plants and materials, provides assurance to 
the farmer, forester, manufacturer and con-
sumer that crops and materials are being 
adequately protected; and 
• assures the private investor and taxpayer that 
funds expended on emission controls are 
needed. 
In practice, most state pollution control agencies 
use various guidelines (eg. USEPA, WHO, 
NHMRC) on a day-to-day basis. Dose-response in-
formation provides the basis for air quality criteria 
and guidelines to protect human health and sub-
sequent standard development in Australia and the 
rest of the world. Insufficient dose-response data 
presently limit ambient air quality criteria develop-
ment for human health. Consequently, standards are 
usually decided on the basis of what has been 
termed 'questionable physiological, biochemical and 
pathological evidence' (Kagawa 1984). This uncer-
tainty needs to be reduced through further research 
into the health effects of air pollution in order to 
produce appropriate management strategies. 
To examine the present inadequacies in the 
database used to evaluate the health effects of air 
pollutants in Australia, a review of criteria docu-
ments for the priority pollutants will be conducted. 
This will identify areas of research that should be in-
vestigated to reduce the uncertainties in established 
ambient air quality guidelines. The discussion will be 
concluded with consideration of some policy issues 
relating to research needs for ambient air quality 
criteria development and the use and implementa-
tion of these criteria in an Australian context. 
Is research needed in Australia? 
Essentially identical information is used by all agen-
cies involved in criteria development for a given 
pollutant throughout the world. An attractive course 
of action, therefore, would be to examine carefully 
the ambient air quality standards in use overseas ( eg. 
the USEP A standards, the EEC guidelines, the 
WHO guidelines), select the best of these, and use 
them as guidelines in Australia. The problem with 
this approach is that it assumes that conditions in 
Australia are essentially the same or very similar to 
those in which these standards or guidelines were 
selected; that eucalypts are just like pines. However, 
the characteristics of ambient concentration, ex-
posure and response may be partly site- and 
target -specific. 
These standards do not provide protection for 
the most sensitive receptors. They are set at a value 
between the level needed to protect the most sensi-
tive receptor and the highest observed ambient 
concentrations. This value is dependent on the 
political, social and economic factors at the time and 
place the standard was established. The criteria 
developed for specific Australian environments will 
therefore require certain research to be conducted 
to account for Australian conditions. 
There are a number of characteristics unique to 
Australia which influence the response of crops and 
trees, and to a lesser extent materials, to air pollu-
tion. These include the species and varieties of 
native and cultivated plants, climatic factors, and the 
political, social and economic environment of 
Australia. Hence, there is ample justification for the 
selection of ambient air quality standards or 
guidelines which relate to Australian conditions. 
In comparison with countries of comparable size, 
population or economy, the research effort devoted 
to investigating the effect of air pollution in 
Australia is extremely small. It should be substantial-
ly increased if the unique features of the Australian 
environment are to be adequately protected. To ob-
tain the best value from research conducted in 
Australia to assist with the development of ambient 
air quality standards or guidelines, the research ef-
fort must not duplicate or extend overseas work but 
must be directed towards those factors which are 
uniquely Australian. The research into the effects of 
air pollutants should concentrate on Australian tar-
gets, conditions of exposure, concentration, duration, 
pattern and climate. 
What are the most important pollutants? 
The pollutants of concern to this discussion are 
primarily oxides of nitrogen and sulphur, and par-
ticulate matter. These are amongst the 'priority' 
pollutants that have been defmed by the NHMRC as 
a concern to human health in Australia. The 
development of priorities for these pollutants has 
taken into account: 
• population exposed; 
• severity and frequency of adverse effects on 
human health; 
• abundance of the pollutant in the environ-
ment; and 
• persistence and bio-accumulation. 
Other important air pollutants in Australia, con-
sidered individually, are 03 and HF. SOz is widely 
distributed in populated area of Australia. It is high-
ly toxic to plants and corrosive to materials. 03 is a 
secondary pollutant produced by photochemical 
reactions in the atmosphere between NOx and 
hydrocarbons. It periodically occurs at high con-
centrations in the airsheds of Australia's largest 
cities. The oxidation properties of 03 are highly 
damaging to humans, plants and materials. 
HF has a very localised distribution, occurring at 
high concentration only in the immediate vicinity of 
industrial facilities. However, it is 100 - 1000 times 
more toxic to plants than any of the other common 
air pollutants. Although it is important from the 
perspective of effects on plants and grazing animals, 
HF has less important effects on materials ambient 
concentrations. Conversely, NOx can have sig-
nificant effects on materials and is widely distributed 
in populated areas of Australia, but alone it is not 
toxic to plants at ambient concentrations. 
It is difficult to generalise about particulates as 
they vary considerably in their chemical and physical 
characteristics. Adverse effects of particulates on 
plants are usually very localised, but increased costs 
as a result of effects on materials may be 
widespread. Aesthetic effects of particulates, such as 
reduced visibility, are also important. 
Additional pollutants resulting from energy-based 
industrial activity, such as volatile organic com-
pounds (VOCs), are receiving increasing attention. 
For a number of reasons, this will place new require-
ments upon the nature of scientific research into 
dose-response relationships for human health. 
The NHMRC priority pollutants considered so 
far are few in number, and with the exception of 
lead, are not bio-accumulated, primarily target the 
lung (except for carbon monoxide), and human ex-
posure data are available with effects generally 
occurring in the short term (from minutes to 
months). Carcinogenic air pollutants, however, are 
numerous, some will bioaccumulate ( eg. chlorinated 
biphenyls), many different organs are targeted, dose-
response information is rarely available for humans 
and latency periods are usually measured in years 
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(Dawson et al 1983). These stark differences in the 
attributes of priority and carcinogenic pollutants re-
quire that the methodologies used to date for 
criteria development must be reappraised. 
In practice, these air pollutants, carcinogenic and 
non-carcinogenic, are rarely present alone, and any 
attempt to assess the importance of energy-based air 
pollutants in Australia must consider the interactions 
between them. Oxidation and hydration reactions in 
the atmosphere result in the production of gases, 
particulates and aerosols with important effects on 
plants, animals, materials, health and aesthetics. 
Exposure to combinations of pollutants can have 
considerably greater effects than exposure to the 
same pollutants separately. A consideration of these 
interactions changes the importance of individual 
pollutants. In particular, nitrogen oxides are of con-
cern in combination with S02 as synergistic reactions 
between these pollutants have frequently been shown 
to occur (Whitmore 1985). 
Appropriate experimental designs 
The design of experiments should be directed at 
providing the relevant additional information needed 
to develop ambient air quality criteria for Australia. 
These studies should involve fluctuating concentra-
tions of pollutant combinations that simulate realistic 
patterns and conditions of exposure. In some cases, 
an appropriate exposure pattern could involve suc-
cessive short-term high concentrations separated by 
long pollution-free periods, as this pattern of ex-
posure to primary pollutants often occurs around 
single point sources. Single short-term exposures are 
less useful than long-term exposures for studies of 
effects of pollutants on plants or materials as 
predisposition factors apply to plants, and effects on 
materials are cumulative. If required for regulatory 
purposes, the information needed for short-term 
standards could be obtained from these intermittent 
exposures. Close liaison with the energy industry and 
pollution control agencies is essential to ensure 
realistic experimental design for useful data. 
Vegetation and materials 
It is important that the species selected for study 
should be of agricultural or ecological importance 
around emission sources in Australia. There is con-
siderable evidence that differences in response of 
cultivars within species are of similar magnitude as 
the differences that exist between crop species 
(IERE 1981). Consequently, the focus of most work 
should be on the most important cultivars of crop 
species grown around emission sources. However, 
consideration should also be given at some stage to 
lichens and mosses as these lower plants are ac-
knowledged to be more sensitive to air pollutants 
than higher plants, and they have important roles in 
nitrogen fixation, soil stabilisation and as a food 
source for lower orders of animals. 
The parameters measured should be those which 
relate to the value of the plants. For crops, this 
would involve yield and quality. Growth, fecundity 
and appearance would be important for most plants 
of ecological importance. 
The primary approach to experimental studies of 
the effects of air pollutants on plants is the dose-
response experimental design. Dose is the amount of 
exposure of an organism to a pollutant and is usually 
considered as the product of exposure concentration 
and duration. Response is the effect of a given dose 
on an organism. Plant responses are usually con-
sidered across a range of exposure concentrations, 
durations or both. The data on plant response are 
amenable to regression analysis or mean separation 
techniques. A control treatment is required, as is a 
range of concentrations spanning the ambient con-
centration range, up to the highest measured 
concentrations in ambient air. 
It is recognised that a range of environmental fac-
tors influence, the effects of air pollutants on plants 
and materials. Plants exposed to heat stress, cold 
stress, mineral deficiency, mineral toxicity, wind 
stress, waterlogging, drought, diseases or infesta-
tions, or a material exposed to excessive temperature 
or moisture extremes, physical and chemical deposi-
tion, or abrasion, may demonstrate a different 
dose-response relationship to an air pollutant when 
compared with the same plants or materials exposed 
in a constant unstressed environment. The combina-
tion of an air pollutant and another external stress 
can be less than additive, additive, or greater than 
additive, so it is important that the experimental 
design allows for the plants or materials to be ex-
posed under representative environmental 
conditions likely to be encountered in the field. 
Some consideration should also be given to acidic 
deposition. The experiences of North America and 
Europe have shown that long-term studies of poorly 
buffered terrestrial and aquatic ecosystems are ex-
tremely important for providing a baseline for the 
interpretation of subtle changes as a result of future 
acidic deposition. The predominant artificial sources 
of acidic deposition are energy-related industries. 
One or two long-term studies should be initiated to 
provide this baseline. 
It is only comparatively recently that Northern 
European and North American studies have been 
directed at measuring dose-response relationships 
for air pollutant mixtures. In recognition of the prac-
tical importance of this work it is now the major 
focus of air pollution effects studies. In order to set 
ambient air quality standards or ~uidelines, it is 
necessary to determine whether they should be for 
single gases, or whether binary or linked criteria are 
needed for pollutants in the presence of other pol-
lutants. A number of recently promulgated 
standards, such as the EEC S02 standard, have con-
tained linkage elements, especially between S02 and 
particulates (Saunders 1985). 
In order to provide information for decisions of 
this nature, Australian studies are now needed on 
gas mixtures directed at near-ambient concentrations 
with ambient inter-gas concentration ratios and the 
distribution of concentration peaks with time, that 
occur in the field around major industrial facilities in 
Australia. Particular emphasis should be given to 
studies of SOz and NOx combinations, due to the 
widespread co-occurrence of these gases in 
Australia and the importance of the additive and 
synergistic effects of mixtures of these gases. 
Human health 
There are many difficulties associated with estab-
lishing accurate dose-response curves for human 
health. No single method currently provides all the 
information necessary to determine dose-response 
relationships in sufficient detail. Epidemiological 
studies, human and animal exposure experiments 
and cell culture studies have different attributes and 
provide different data. Whether one methodology is 
more appropriate than another depends largely 
upon the questions being asked and the criteria that 
are being developed. Methods for assessment of 
dose-response due to non-carcinogenic priority pol-
lutants are reviewed. 
Long-term exposures and chronic effects require 
both retrospective and prospective epidemiological 
studies (Hackney et al1984). These studies examine 
human populations under existing environmental 
conditions and attempt to determine a statistically 
significant response to natural variations in one or a 
number of parameters within that environment. It 
h::ts been found throughout the world that there is 
insufficient information on exposure and dose for 
the target populations of epidemiological studies. 
Human and animal exposure studies are generally 
used to fill this gap (Kagawa 1984). Human exposure 
studies are commonly based on maximum urban 
concentrations for the pollutant under investigation 
and short (eg 2 hour) exposure periods are often 
used to simulate real time air pollution episodes. 
From these techniques acute effects are identified. 
They are capable of answering questions such as: 
e Is there an effect? 
e What type of person will be effected? 
• How severe is the response? 
o How long is the target affected? 
The limitations are primarily ethical and practical 
(Hackney et al1984). The health of volunteers must 
not be irreversibly affected and it is unlikely that 
volunteers can be asked to be involved in experi-
ments for excessive periods of time. 
Human exposure experiments should not be 
regarded as adequate proof of no effect due to the 
limited environmental conditions used for ex-
perimentation (Kagawa 1984). Although they can 
test responses in the presence of more than one pol-
lutant, they often do not include the important 
toxicological interactions that may occur, and conse-
quently they may underestimate the health effects 
observed. If synergistic effects do exist through mix-
tures of specific pollutants, then more restrictive 
levels for those pollutants may be needed. 
Animal toxicological studies currently provide 
most of the information on the biological 
mechanisms associated with the toxic action of a 
specific pollutant. This is supplemented by results of 
tissue culture studies. The problems of extrapolating 
the results of animal studies to human health effects 
are well documented for the priority pollutants, and 
consequently any conclusions derived from these 
studies are treated only as supporting evidence. 
For carcinogenic air pollutants epidemiological 
studies have been useful in identifying locations with 
a higher incidence of a certain carcinoma than the 
rest of a given population. They are commonly more 
successful within an occupational environment where 
levels of exposure are much higher than elsewhere. 
A number of weaknesses, however, occur in 
epidemiological studies of carcinogenic air pol-
lutants. These are primarily as a result of long 
latency periods before effects can be detected. Over 
periods of up to twenty years many factors can con-
found the exposure assessment, and comprehensive 
health and lifestyle data become unwieldy, even if 
they are available. Epidemiological studies are also 
of limited use in identifying low levels of risk (Oc-
cupational Safety and Health Administration 1980). 
Support appears to exist for the use of animal, 
cell culture and bacteriological tests (eg. Ames Test) 
in the examination of potential health effects from 
carcinogenic air pollutants (Goldstein 1983, Dawson 
et al1983). Dawson et al (1983) state that 'with very 
few exceptions all chemicals that are demonstrated 
to cause cancer in humans are carcinogenic to 
animals'. This is supported by similarities in 
molecular mechanisms and the pathological develop-
ment of cancer in animals and humans. 
Uncertainties are nonetheless known to exist with 
animal-ta-man and high-to-low dose extrapolation. 
These uncertainties must be considered when the 
results of these tests are reviewed (Graham 1983). 
Figure 48 shows the two characteristic curves that 
are most frequently considered in toxicology. For at-
mospheric carcinogens curve A is most commonly 
applicable. 
However, for the development of criteria to guide 
ambient concentrations of priority pollutants a 
threshold that would be defined by curve B has been 
found to be most appropriate. These two distinct 
curves will ultimately effect the types of regulation 
that is thought appropriate for a given pollutant. 
Where no threshold apparently exists (curve A) it 
becomes less clear how much control is required to 
adequately protect human health. 
There is a need for co-ordinating different 
methodologies in order to understand the complex 






Figure 48. Two dose-response curves most frequently 
considered in basic toxicology (from Goldstein 1983). 
pollutant. For human health effects, controlled ex-
posure studies can provide relevant information on 
short-term effects, restrospective and prospective 
epidemiological surveys detail long-term or chronic 
health effects and the biological mechanisms of 
response are currently most appropriately examined 
through animal or cell-culture studies (Hackney et al 
1984). Human and animal exposure studies, given 
adequate design and expertise, may be performed 
anywhere in the world with similar results. However, 
it must be established what exposure regimes and 
targets are important. Epidemiological studies, being 
more site-specific in nature, can help provide this in-
formation within the Australian environment. 
Successful epidemiological studies in turn require 
data from controlled human exposure experiments 
which indicate the appropriate characteristics and 
measures to be sampled (WHO 1976). 
Uncertainty in criteria for human health 
The following is a review of NHMRC criteria 
documentation for the priority pollutants. From 
these documents areas of scientific uncertainty and 
hence priority areas for future research can be iden-
tified. 
Sulphur dioxide 
The review of scientific literature has examined 
animal toxicology, controlled human exposure ex-
periments and epidemiological studies into the 
health effects of SOz. Inconsistencies are apparent in 
the animal exposure studies. These inconsistencies 
can be circumvented by reproducing critical re-
search and paying strict attention to methodological 
detail. 
In controlled human exposure studies no ap-
parent synergistic effects were found for SOz with 
03 or NOz. While 03 may be up to 98 per cent of 
photochemical oxidants in the atmosphere (Bates 
1983) (95 per cent in Sydney) and NOx has been 
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found to be increasing in Australian urban atmos-
pheres there are still many other pollutants that may 
facilitate synergistic effects in the presence of SOz 
(eg. particulates). Most studies were conducted with 
normal subjects. From the limited data available it 
would appear a priority to conduct similar experi-
ments with sensitive or high-risk individuals ( eg . 
asthmatics). Human exposure experiments have not 
determined the potential carcinogenicity of SOz and 
inadequate data are available on the effects of SOz 
in the presence of particulate matter. This is largely 
due to the variations in the physico-chemical charac-
teristics of the particulate substrate (eg. mass 
median aerodynamic diameter and adsorption). 
Only one Australian epidemiological study is 
available for review. More emphasis needs to be 
placed on epidemiological work that accounts for 
other factors in the presence of SOz ( eg. smoking, 
climate and socio-economic status). Future 
epidemiology should focus on identification of the 
most susceptible individuals in the wider Australian 
population. These studies should also examine in-
door as well as occupational and outdoor exposure. 
Sui phate-particulates 
The problems that have already been highlighted 
when interpreting the results of animal toxicological 
experiments are equally applicable to the study of 
sulphate-particulate health effects. There is a 
specific need for better understanding of the 
mechanism by which sulphates alter the rate of 
mucociliary clearance. 
No clear synergistic effects for humans have been 
identified with sulphate-particulates in the presence 
of either 03, NOz or SOz. These experiments should 
be expanded to include susceptible targets. The 
penetration of particulate matter and the subsequent 
siting of the pollutant complex within the respiratory 
system is greatly dependent upon size, physico-
chemical characteristics and shape of the particle. 
Carcinogenicity has been indicated from 
epidemiological studies following occupational ex-
posure to sulphate-particulates. This should be 
examined at ambient concentrations using charac-
teristic ambient particulates as the substrate. As 
human experimental exposure to possible car-
cinogens is ethically untenable, research in this area 
should make use of chronic animal exposures and 
human epidemiological studies. 
Nitrogen oxides 
Nitrogen oxides have been extensively studied using 
animal experiments with considerable variation in 
responses and recovery times between species. For 
NOz toxicity evidence suggests that lipid peroxida-
tion is initiated and this leads eventually to cell 
death. The entire mechanism of toxic action is, 
however, not fully understood and requires atten-
tion. 
Human exposure studies to date have provided 
limited information relating to NOx effects on sen-
sory systems. All studies examined have used only 
normal targets with no variation in other conditions. 
Concern exists that NOx alters odour perception 
and the ability to adapt to the dark. To examine pu1-
monary function and the effects of NOx 25 per cent 
of the human exposure studies have included light 
exercise with approximately 40 per cent examining 
both high-risk groups and a control normal popu1a-
tion. Further research is necessary to examine 
pu1monary effects given the presence of other in-
fluential variables. 
Epidemiological studies have so far made limited 
connections between NOz and pulmonary and 
respiratory diseases. This is an area of research that 
needs to be expanded. The need to examine NOz 
and 03 in combination at higher concentrations and 
with more susceptible targets has also been iden-
tified. 
Photochemical oxidants 
The usefulness of animal toxicological experiments is 
limited by the large inter-species variability in the 
observed responses to low concentrations of 03. 
There is some evidence that 03 is a mutagen on the 
basis of limited animal and bacteriological testing. 
Similar experiments are required using human tissue 
cultures. 
Human exposure experiments have examined the ef-
fects of 03 on both normal and sensitive targets, 
accounting for variation in exercise, temperature and 
humidity, and identified the characteristics of adap-
tation to repeated dosage. There is a need, however, 
to investigate 03 and account for additive and syner-
gistic elements from interacting chemicals and 
additional environmental conditions. Human ex-
posure studies are also needed to confirm 03 
impairment of the immune system that has been 
found in animal studies. 
There has been insufficient examination of the ef-
fects of photochemical oxidants on the growth and 
development of the lung or on the progression of 
chronic diseases. It is in this area of long-term ex-
posure and chronic effects that epidemiological 
studies are therefore necessary. The confounding 
factors that need to be considered by these studies 
include age, smoking, nutritional and immunological 
condition of the target population. A general re-
quirement has been identified for more detailed 
examination of high-risk groups exposed to 
photochemical oxidants. These groups have been 
listed as including chronic obstructive respiratory 
disease, asthmatics and individuals involved in 
strenuous exercise. The physical activity of targets is 
commonly accounted for in human exposure studies 
through the introduction of light exercise. 
Lead 
The toxicological effects of lead through biochemical 
changes at concentrations less than 25 J.Lg per lOOml 
of blood are largely unknown. More information is 
needed to determine the biological significance of 
findings from both animal and human exposure 
studies that suggest effects below this level. 
Discussion and conclusions 
Having established that the development of ambient 
air quality criteria is necessary, three main facets of 
research for the development of ambient air quality 
criteria in Australia have been addressed. First, the 
most important energy-based air pollutants have 
been identified and the research needs that may be 
associated with these air pollutants have been 
presented. Second, the most typical methodologies 
for determining dose-response relationships have 
been reviewed and their respective attributes for 
Australian research have been outlined. Finally the 
uncertainties that exist in the present health 
database for priority pollutants have been detailed. 
The pollutants of concern to this discussion and 
ambient air quality criteria development are primari-
ly oxides of nitrogen and sulphur, ozone, HF and 
particulate matter. Other pollutants resu1ting from 
energy-based industrial activity, such as volatile or-
ganic compounds, are nonetheless receiving 
increasing attention. These potentially carcinogenic 
pollutants will place new requirements upon the na-
ture of scientific research into dose-response 
relationships for human health. 
Specific Australian research into these pollutants 
is justifiable and necessary. To establish appropriate 
dose-response criteria for vegetation, materials and 
health, experimental design must take account of 
Australian patterns and conditions of exposure. 
Agricu1tural and ecologically important species 
must be considered with emphasis on important cu1-
tivars of crop species. Important non-economic 
species, essential to the maintenance of ecological 
stability should not be ignored ( eg. nitrogen frxers). 
General stress and other environmental factors must 
be accounted for in experimental design to provide 
comprehensive dose-response data. Integral to these 
concerns are the potential additive and synergistic 
effects of pollutant mixtures. 
Criteria for the protection of human health will 
continue to be developed and reviewed for both 
short- and long-term exposure to air pollutants. The 
scientific methodologies that have been developed 
thus far will therefore remain appropriate for the 
priority pollutants. This will require research in 
epidemiology, controlled human exposure and 
animal toxicology. As no single method can provide 
all the information required to adequately assess the 
effects of air pollution on human health, the resu1ts 
of these methods must continue to be reviewed in 
combination. For the development of criteria relat-
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ing to potential carcinogens, human exposure 
methodologies are ethically untenable. 
A number of general factors have been outlined 
in the literature as requiring the attention of re-
searchers in the field of health effects from air 
pollution. These include adaptive response to 
repeated exposure, interaction among pollutants, 
meteorological interactions, level of exercise of in-
dividuals, and mouth versus nose breathing. Specific 
areas that have been identified for investigation in-
clude: 
• the identification of susceptible groups within 
the wider Australian population for all pol-
lutants; 
• studies to account for other factors such as 
smoking, climate, nutritional and im-
munological condition in the presence of SOz 
and 03; 
• synergistic effects for pollutant mixtures, ie. 
SOz and particulates; and 
• chronic pulmonary and respiratory diseases 
in connection with NOz. 
It appears that the substance of recommendations 
for research in the development of ambient air 
quality criteria has remained largely unchanged over 
the last 10 years (eg. see WHO 1976). It is therefore 
important to note some of the policy issues and 
questions that arise from the discussion of research 
needs in this area. Dawson et al (1983) have listed 
some of these with specific concern for potentially 
carcinogenic air pollutants. However, most are 
generally applicable to criteria development for all 
energy-based air pollutants. The questions that 
should be addressed include: 
• What is the minimum amount of information 
or evidence needed to justify regulation? 
• Who should bear the responsibility for 
developing the needed information? 
• In the absence of complete evidence should 
regulatory agencies lean toward the protec-
tion of human health at the expense of other 
societal values? 
It is also of practical importance to consider the 
mechanisms by which ambient air quality criteria can 
be used to develop standards or guidelines relevant 
to Australia for SOz, NOx and particulates. In most 
developed countries, there is clearly a leading agen-
cy in the investigation of effects of air pollution on 
human health, plants and materials. This agency uses 
the data to set standards or guidelines for ambient 
air quality, review development projects and guide 
future research programs. 
For example, in the USA, although several agen-
cies have established research and development 
programs in the area of air pollution effects on 
vegetation and materials ( eg. Department of Energy, 
Department of Agriculture and Interior, Forest Ser-
vice, National Park Service, etc) the Environmental 
Protection Agency is the leader and this research 
has guided the EPA in establishing standards (Ben-
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nett 1985). In Britain, the leading agency is the 
Department of the Environment. There is also the 
Natural Environment Research Council which exists 
to support environmental research. 
In Australia the situation is complicated as en-
vironmental matters are accepted as a state 
responsibility. Some co-ordination occurs through 
the Australian Environment Council, but the frag-
mentation of responsibilities, the current low 
urgency rating of the subject and lack of Common-
wealth government initiatives has led to the present 
malaise in this area. The lesson of recent years, par-
ticularly with acidic deposition, is that air pollution 
does not recognise state boundaries and air pollution 
regulation should be actively co-ordinated. It is 
therefore in the national interest to maintain re-
search efforts on the effects of air pollutants in order 
to respond quickly to unforeseen developments. 
The fundamental question is how to establish and 
operate ambient air quality standards in Australia in 
a way that ensures that air pollutant mixtures under 
conditions representative of the ambient environ-
ment in Australia do not cause adverse health 
effects, reduction in crop productivity, injury in 
other important plants, or damage to materials, 
without unnecessary costs to shareholders and tax-
payers. 
References 
Bates, D.V. 1983. Epidemiologic basis for 
photochemical oxidant standard. Environmental 
Health Perspectives. 52: 125-129. 
Bennett, J.P. 1985. Regulatory uses of SOz effects 
data. In. Winner, W.E., Mooney, H.A. and 
Goldstein, R.A. (eds.) Sulphur dioxide and 
vegetation physiology, ecology and policy issues. 
Stanford: Stanford University Press. pp.23-36. 
Dawson, S.V., Cabrera, H., Kado, N.Y. 1983. Toxic 
substances in the atmospheric environment: 
critical review discussion papers. Journal of the 
Air Pollution Control Association. 339: 827-832. 
Goldstein, B.D. 1983. Toxic substances in the atmos-
pheric environment: a critical review. Journal of 
the Air Pollution Control Association. 335: 454-
467. 
Graham, J.A. 1983. Toxic substances in the atmos-
pheric environment: critical review discussion 
papers. Journal of the Air Pollution Control As-
sociation. 339: 837-840. 
Hackney, J.D., Linn, W.S., Avol, E.L. 1984. Assess-
ing health effects of air pollution: the role of 
controlled studies of human volunteers is ex-
amined. Environment, Science and Technology. 
184: 115A-122A. 
IERE, 1981. Effects of SOz and its derivatives on 
health and ecology. Volume 2. Natural ecosys-
tems, agriculture, forestry and fisheries. Leather-
head, UK: International Electric Research Ex-
change. 
Kagawa, J. 1984. Health effects of air pollutants and 
their management. Atmospheric Environment. 
183: 613-620. 
Occupational Safety and Health Administration. 
1980. Identification, classification and regulation 
of potential occupational carcinogens. Federal 
Register. 45: 5001. 
Saunders, P.J.W. 1985. Regulations and research on 
SOz and its effects in the European com-
munities. In. Winner, W.E., Mooney, H.A. and 
Goldstein, R.A. (eds). Sulphur dioxide and 
vegetation physiology, ecology and policy issues. 
Stanford: Stanford University Press. pp.37-55. 
Whitmore, M.E. 1985. Effects of SOz and NOx on 
plant growth. In. Winner, W.E., Mooney, H.A. 
and Goldstein, R.A. ( eds). Sulphur dioxide and 
vegetation physiology, ecology and policy issues. 
Stanford: Stanford University Press. pp.281-295. 
World Health Organization. 1976. Air quality 
criteria and guides for urban air pollutants. In. 
WHO. Manual on Urban Air Quality Manage-




I' I ,,, 
